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摘要 
临床治疗肿瘤的有效药物阿霉素（Dox）由于缺乏靶向性易引起严重毒副作
用以及诱发多药耐药而导致化疗失败。因此开发能够高度集成主动靶向输送、联
合治疗、诊疗一体化三大优势的纳米药物新剂型是现代肿瘤治疗中的重要研究方
向。其中，多模态可视化的多阶段靶向协同治疗具有众多优势，如提高肿瘤治疗
效果，降低毒性，抑制多药耐药性等。因此，我们精心制备了核-中间层-壳结构
的 Fe3O4@mSiO2@lipid-PEG-methotrexate（FMLM）纳米粒，实现磁共振-荧光成
像指导的化疗-光动力联合治疗。 
本研究利用内核的 Fe3O4实现磁响应药物释放，核磁成像，赋予纳米粒早期
的磁靶向能力；介孔硅（mSiO2）中间层用于装载抗肿瘤药物 Dox 进行肿瘤化疗；
最外层甲氨蝶呤（MTX）修饰的 PEG 化的脂质体提供后期的细胞靶向，赋予纳
米粒更好的分散性和稳定性，脂质体内装载光敏剂酞菁锌进行光动力肿瘤治疗和
自发荧光成像。基于以上研究设计，本文主要探讨了以下几方面的内容： 
在构建各层载药纳米粒方面，我们分别考察了 Fe3O4、FM、FML、FMLM 纳
米粒的制备方法，通过单因素考察和正交实验优化设计，保证合成方法可控。对
合成的 Fe3O4、FM、FML、FMLM 纳米粒进行各类表征，包括粒径、电位、TEM、
SEM-EDS、XRD、氮气吸附解吸、红外谱图、飞行时间质谱、磁滞曲线等。结
果证明，所制备的 FMLM 纳米粒呈现出清晰的核-中间层-壳三层结构，该结构
完整、近似球形。载双药的 FMLM 纳米粒（Dox/ZnPc-FMLM）水化动力学直径
大小为 233.60 nm、表面电势为-22.60 mV、ZnPc 药物包封率为 98.80%、Dox 载
药量为 0.4959mg/mg，有潜力成为良好的纳米级药物载体。 
为研究 FMLM 纳米载药系统在磁共振-荧光成像指导的光动力-化学联合治
疗的应用，我们进行了系统的体内外评价。 
实验分别研究了 Dox-FM、Dox-FMLM 的体外释放曲线，并探索了其释药机
理。在外加交变磁场下，药物释放量进一步增加。实验结果证明，阿霉素释放具
有 pH 敏感性和磁响应性释药的特点；我们进一步探究证明了载药纳米粒产生单
线态氧的能力，证实了载药纳米粒进行光动力治疗的可行性；对各载药纳米粒进
行了系统的细胞评价，如细胞毒性、细胞摄取、细胞凋亡实验等，证实了载药
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FMLM 纳米粒由 MTX 细胞主动靶向性导致细胞毒性和细胞摄取的差异，说明化
疗-光动力治疗结合磁振治疗的有效性；凋亡实验表明光动力治疗能促进细胞早
期凋亡，而联合治疗下 HeLa 细胞主要以早期凋亡和晚期凋亡的形式存在；对各
载药纳米粒进行了系统的动物体内评价，如体内药物代谢动力学、动物活体荧光
试验、小白鼠体内毒性试验、抑瘤试验等，证实了磁靶向与细胞主动靶向多级靶
向的优越性、载药纳米粒的安全性及化疗-光动力协同治疗肿瘤的可行性；同时，
体内外实验中，我们验证了 Dox/ZnPc-FMLM 多模态成像的潜力。集荧光成像、
核磁成像、光声成像于一体的 Dox/ZnPc-FMLM，可以弥补不同成像方式之间的
缺点，扬长避短，实现精准诊疗。这些结果表明 FMLM 纳米粒载药系统成功地
将磁靶向和甲氨蝶呤（MTX）大分子前药主导的细胞靶向结合起来，成功应用
于双模式成像（荧光成像-核磁成像）可视化的化疗-光动力肿瘤治疗。 
 
关键词：FMLM 纳米粒，多功能，多级靶向，阿霉素/酞菁锌 
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Abstract 
Dox is the most effective chemotherapeutic drug in the clinical treatment of 
cancer. It could cause the severe side effects and induce the multidrug resistance 
easily due to lack of targeting moieties, resulting in the failure of chemotherapy. 
Therefore, the development of novel nanodrug formulation highly integrating actively 
targeted delivery, multimodal combination therapy, and integration of diagnosis and 
therapy has become an important research direction in the modern tumor therapy. 
Multimodal imaging-guided multistage targeted synergistic combination therapy 
possesses many advantages including increased tumoricidal effect, reduced toxicity, 
and retarded drug resistance. Herein, we have elaborately developed a 
core-interlayer-shell structure Fe3O4@mSiO2@lipid-PEG-methotrexate nanoparticle 
(FMLM) to realize photodynamic-chemical combination therapy under the guidance 
of magnetic resonance-fluorescence imaging. 
The study was designed that the Fe3O4 core was used for 
magnet-stimulate-response drug release, magnetic resonance imaging (MRI), and 
early-phase magnet targeting ability; the mSiO2 layer could encapsulate anticancer 
drug Doxorubicin (Dox) for chemotherapy; and the protective shell of lipid-PEG and 
lipid-PEG-methotrexate offered later-phase specific cellular targeting ability, good 
water dispersibility, and loading of photosensitizer zinc phthalocyanine (ZnPc) for 
simultaneous near-infrared fluorescence imaging and photodynamic therapy. Based on 
the above design research, the paper mainly discusses the content of the following 
aspects： 
In construction of drug-loading nanoparticles, we surveyed the preparation 
methods of Fe3O4, FM, FML, and FMLM nanoparticles, respectively. To guarantee 
the controllable synthesis method, the single factor and orthogonal experiment design 
were conducted to optimize experiment conditions. Particle size, potential, TEM, 
SEM, EDS, XRD, N2 adsorption desorption, IR spectra, time of flight mass 
spectrometry and hysteresis curve etc were used to characterize the Fe3O4, FM, FML, 
and FMLM nanoparticles. These results demonstrated that the prepared FMLM 
nanoparticles had a clear core-interlayer-shell structure, the structure was intact, and 
nearly spherical. The both Dox and ZnPc-loaded FMLM nanoparticles 
(Dox/ZnPc-FMLM) had a hydrodynamic particle size of 233.60 nm, a zeta potential 
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of -22.60 mV. The drug encapsulation efficacy of ZnPc was 98.80%, drug-loading 
content of Dox was 0.4959 mg/mg. So the FMLM nanoparticles have the potential to 
be a good nanoscaled drug carrier. 
To study the application of FMLM nanoparticles drug delivery system in 
photodynamic-chemical combination therapy under the guidance of magnetic 
resonance-fluorescence imaging, we conducted a systematic evaluation of in vivo and 
in vitro. 
Experiments had studied the in vitro release curve of Dox-FM and Dox-FMLM, 
and explore its mechanism of drug release. Meanwhile, under the additional 
alternating magnetic field (AMF), drug release was increased, indicating the drug 
release behavior has the characteristics of pH-sensitivity and magnetic responsiveness. 
We further explored the ability of singlet oxygen generation of drug-loading 
nanoparticles, the result proved that the ZnPc-nanoparticles have the feasibility of 
photodynamic therapy; Furthermore, we have carried on the evaluation system of the 
cells, such as cytotoxicity, cellular uptake, Cell apoptosis,etc. These results confirmed 
the difference of FMLM nanoparticles caused by MTX cell active targeting cell in 
cytotoxicity and cellular uptake. Besides, the preliminary mechanism of apoptosis of 
HeLa was explored. 
In vivo evaluation of drug-loading nanoparticles were conducted,such as in vivo 
pharmacokinetic, living fluorescence test, animal toxicity test and tumor inhibition 
experiment, confirming the superiority of the magnetic targeting and cell active 
targeting multistage targeted, the safety of drug-loading nanoparticles and the 
feasibility of chemotherapy-photodynamic collaboration for the treatment of tumor. In 
vivo experiment, we verified the potential of Dox/ZnPc-FMLM in multimodal 
imaging. Integrate fluorescence imaging (FI), MRI and photoacoustic imaging (PAI) 
into Dox/ZnPc-FMLM nanoparticles can make up the shortcomings of individual 
imaging, foster strengths and circumvent weaknesses, to achieve accurate diagnosis 
and treatment. These results indicated magnet targeting cooperative with methotrexate 
macromolecular prodrug targeting is successfully exploited to develop a promising 
versatile theranostic nanoplatform for dual-modal fluorescence and magnetic 
resonance imaging-guided combined chemo-photodynamic cancer therapy. 
Keywords: FMLM nanoparticle; multifunctional; multistage targeted; Dox/ZnPc 
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缩略语简表 
AMF    Alternating magnetic field 
ABDA    9,10-anthracenediyl-bis(methylene) dimalonic acid 
CTAB    Cetyl trimethyl ammonium bromide  
Dox    Doxorubicin 
Dox-FMLM  Dox-loaded FMLM 
Dox-FM   Dox-loaded FM 
Dox/ZnPc-FMLM Dox and ZnPc-loaded FMLM 
Dox/ZnPc-FML  Dox and ZnPc-loaded FML 
DMSO    Dimethylsulfoxide 
DCC    Dicyclohexylcarbodiimide 
DPPC    1,2-dipalmitoyl-sn-glycero-3-phosphocholine 
EPR    Enhanced permeation retentioneffect 
EF     Encapsulation efficiency  
FM     Fe3O4@mSiO2 
FML    Fe3O4@mSiO2@lipid-PEG 
FMLM    Fe3O4@mSiO2@lipid-PEG-methotrexate 
FI     Fluorescence imaging 
FTIR    Fourier transform infrared spectroscopy 
HEPES    4-(2-hydroxyethyl)-1-pipera-zineethanesulfonic acid 
MTX    Methotrexate 
MRI    Magnetic resonance imaging 
MTT    3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 
MPS    Mononuclear phagocyte system 
NHS    N-hydroxysuccinimide 
PDT    Photodynamics therapy 
PDI    Polydispersity index 
PBS    Phosphate buffer saline 
PAI     Photoacoustic imaging 
ROS    Reactive oxygen species 
RES    Reticuloendothelial system 
RBCs    Red blood cells 
SEM-EDS   Scanning electron microscope-energydispersive analysis 
TEM    Transmission electron microscope 
TEA    Triethylamine 
UV-vis    Ultraviolet-visible spectroscopy 
ZnPc    Zinc phthalocyanine 
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1 
第一章 前言 
在目前的医疗领域中，癌症仍然是世界上最严重且患者人数最多的疾病之一，
每年有超过 1000 万个新增病例[1]。现有的癌症治疗手段可分为三大类，分别是
外科手术治疗、放疗以及化疗。对于化疗而言，虽是最有效且应用普遍的治疗手
段，然而化疗在直接杀死癌细胞的同时，也会产生巨大毒副作用。基于此，治疗
手段也在不断的革新与发展，例如光动力治疗、多药协同治疗、局部热疗等等[2]。
近年来，随着各类纳米技术的不断发展，各种新型的剂型被研究并应用于肿瘤诊
疗，纳米药物载体具有缓释以及控释性能，靶向性良好，可延长药物循环时间，
降低药物毒副作用的特性，治疗指数高，疗效好[1]。因此，利用纳米材料作为药
物载体，靶向递送药物至肿瘤部位，前景看好。 
1 磁性纳米粒 
氧化铁磁性纳米颗粒，是一种具有典型磁效应的新型纳米粒，其研究已有近
30 年的历史[3]。它的主要磁性来源是 Fe3O4以及 γ-Fe2O3，且其制备方法多种多
样，如微乳液法[4]、溶胶凝胶法[5]、水热法[6]、高温分解法[7]等。作为应用广泛
的磁性纳米材料，它具备的性质有（1）顺磁性。一般当粒径小于 10-20 nm 时，
每个粒子作为一个独立磁域存在。当没有外加磁场时，磁矩会彼此之间抵消从而
对外表现出无磁性；当有外加磁场，则迅速产生磁性。因此，在外加磁场的条件
下，这一性质可以促使其实现药物的靶向[8]。（2）磁热现象，可用于磁热肿瘤治
疗或者磁热控制药物释放。（3）安全性好。因为它对于人体组织的毒性较低，不
同于钴、镍等对组织器官有较大毒副作用的重金属磁性粒子，Fe3O4磁性纳米粒
子能通过肝、脾、骨髓从人体中代谢清除，从而有效避免了药物载体对非靶向器
官、组织、细胞的毒副作用[9]。（4）磁共振显影[10]。以磁性纳米粒为基础的肿瘤
诊疗策略如图 1.1[11]。Fe3O4纳米粒在目前的研究中一般有两方面用途，一为核
磁共振成像对比剂用于肿瘤的诊断，其次则作为药物载体进行药物传递。在作为
药物载体中，现有的研究表明其能够包载化疗药物如多柔比星、甲氨蝶呤，用于
多种癌症的治疗，如前列腺癌或是乳腺癌[12]。磁性纳米粒子偶联到蛋白质、抗
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体以及核酸上已经作为一种体内磁性共振成像的显影剂、药物载体、基因传递载
体等。 
 
图 1.1 磁性纳米粒为基础的肿瘤诊疗策略 
Fig 1.1 The tumor diagnosis and treatment strategies of magnetic-based 
nanoparticles 
 
2 介孔硅纳米粒 
自 1992 年美国 Mobil 公司初次合成 MCM-41 型高度有序的介孔二氧化硅材
料以来，介孔二氧化硅纳米粒子(mesoporous silica nanoparticles，MSNs)因其有序
可调的孔径大小、独特的孔道结构、孔容和表面积均较高、易于修饰的内外表面
等特性，在生物医学领域有极大的应用潜力，其作为药物载体的研究越来越受到
关注[13]。介孔二氧化硅纳米粒是一类具有有序排列的微孔结构，其具有很高的
比表面积（>900m2/g）和孔容（>0.9cm3/g），它在生物医学领域中的应用有以下
特征:（1）粒径一般在 50-300 nm 内，可被细胞内吞；（2）比较稳定的介孔结构，
耐热、pH、氧化、机械压力能力强；（3）高比表面积与孔容为载药量提供了保
障；（4）介孔尺寸约为2-6 nm，在此范围内可根据载药的种类与载药量来调节[14]，
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